Shifting the temperature of a yeast culture from 23° to 36°C results in a sudden and severe (>85%) decline in the cellular levels of ribosomal protein (rp-)mRNAs. Recovery during continued growth at 36°C occurs within 1 h. The use of hybrid genes carrying different portions of the region upstream of the gene coding for ribosomal protein L25 revealed that this characteristic, coordinate temperature shock phenomenon does not depend on the presence of specific upstream DNA sequences. Analysis of a heterologous gene carrying a synthetic UASnjg (upstream activation site of yeast ribosomal protein genes) provided conclusive evidence that the rp-characteristic, transient heat shock response is not mediated through the UAS__ elements. The addition of the transcription inhibitor 1,10-phenantroline prior to a 23°t o 36^; heat shock inhibited the severe decline of the rp-mRNA levels. The latter observation indicates that transcription is required for the rp-gene-specific response to heat shock. A milder temperature shift, from 23° to 30°C, gave rise to a two-fold decrease in mRNA levels for all genes studied, both ribosomal and non-ribosomal.Together, these results indicate that a temperature shift causes a temporary general transcriptional arrest in yeast cells, resulting in an over-all decrease in mRNA levels. In addition, an enhanced nucleolytic break-down of pre-existing rp-mRNAs accounts for the dramatic drop in the steady state amounts of these mRNAs observed upon a 23° -» 36°C shift This enhanced breakdown is caused directly or indirectly by a factor whose synthesis is induced by the heat shock treatment.
INTRODUCTION
The synthesis of ribosomal proteins (rp-synthesis) in yeast is regulated coordinately and usually in concert with rRNA synthesis, to meet alterations in the need for new ribosomes upon variations in the environmental conditions of the cell [for a review see Ref. 1] . A striking example of the coordinate control of rp-synthesis is manifest after a mild temperature shock. Transfer of a yeast culture from 23° to 36°C causes a severe decline in rp-synthesis within 15 min [2, 3] -This inhibition of rp-synthesis is transient and recovery occurs during the next 60 min. The level of rp-synthesis then reaches the value characteristic of the new growth temperature. rRNA synthesis does not display a similar temperature effect Precursor rRNA continues to be synthesized; its processing, however, is impeded [4, 5] . Therefore, the balance between rRNA and r-protein synthesis is temporarily disturbed as a consequence of the mild heat-shock conditions. Analysis of the cellular levels of rp-mRNAs after a mild temperature shift indicated that the sudden decline of rp-synthesis is due to a specific inhibition of rp-gene transcription [6, 7] . The molecular basis of this presumed specific transcriptional arrest has so far remained undiscovered. The recent finding that yeast rp-genes contain common upstream elements governing their transcription (UAS,p ), however, has led to the suggestion that these elements may be involved in the rp-gene-specific heat shock response.
Most yeast rp-genes harbor conserved nucleotide elements, initially designated H0M0L1 [8] and RPG-box [9] . These boxes are located at a distance of 250-450 bp from the ATG-codon, can occur in both orientations and, in most cases, are tandemly arranged [9] . Deletion analyses revealed these elements to activate transcription of the rp-genes in cis . Hence they have been designated UAS^g (upstream activation sites of ribosomal protein genes) [10] [11] [12] [13] . These UASjpg-elements appear to act as specific binding sites for the yeast protein TUF [14, 15] . This protein, therefore, is concluded to be a rra/ir-acting factor involved in transcriptional regulation of rp-genes.
In order to determine whether the UAS™ plays a role in the coordinate reduction of rp-gcne expression upon a mild temperature shift several investigators re-examined the temperature upshift effect on rp-gene expression using deletion-mutants of rp-gene upstream regions [12, 13] . An L29 gene deprived of all sequences between the transcription start site and the UASjpg still exhibited the characteristic heat shock response [13] . Although this suggested that indeed the UAS^g is specifically involved in the temperature shift effect, a mutant gene for rp59 which lacked the UAS g -elements (but nevertheless shows about 10% residual transcription activity), also displayed the characteristic temperature shock phenomenon [12] . It, therefore, remains unclear which, if any, upstream elements are responsible for the temporary drastic reduction in yeast rp-gene expression caused by a mild temperature shock. We have attempted to resolve this question by studying the effect of various upstream regions of the L25 rp-gene as well as a synthetic IMS™ on the expression of a heterologous GalK reporter gene under heat shock conditions. In the hope of being able to assess the possible role of heat shock proteins, whose synthesis in most organisms is induced by raising the temperature a few degrees above the normal growth temperature [reviewed in Ref. 16] , we extended our studies to include a more moderate (23°C to 30°C) temperature shift. The data indicate the occurrence of a general transient inhibition of transcription as the result of thermal stress, in which the UAS^ does not play a role. In addition, however, a 23°C to 36°C (but not 23°C to 30°C) heat shock was found to induce a transient three-to four-fold increase in the rate of decay of rp-mRNAs which account for the specific severe decline in rp-synthesis under these conditions.
MATERIALS AND METHODS
Recombinant plastnids Plasmids pBMCY138, 113, and 76-3 consist of Hindm-generated yeast DNA-fragments canying the genes for ribosomal proteins L25, S10 and S33, respectively, cloned in pBR322 [17] . PLasmids YCpR6A12H and YCpRl-1, kindly provided by Dr. R. Zitomer, are E.co/i'-yeast shuttle vectors carrying the E. coli GalK-gent under control of the cycl-promoter [18, 19] . Temperature-upshift (Transformant) cells of the yeast strain HR2 [20] were grown at 23°C in a medium containing 0.67% yeast nitrogen base and 2% glucose, supplemented with 20 mg/1 uracil, 50 mg/1 histidine and 400 mg/1 leucine until an OD^ tm of 0.8 was reached. An equal volume of fresh medium having a temperature of 49° C was then added. Samples of 10 ml were taken at various times after the shift. Cells were immediately frozen in liquid nitrogen and stored at -20°C until use. Preparation and Northern analysis of RNA Cells were broken with glass beads essentially as described by Bromley et al. [21] . Samples containing 10 )ig total cellular RNA were fractionated on 1.5% agarose gels after denaturation in 1M glyoxal and 50% dimethylsulfoxide [22] and then blotted onto nylon filters (Hy-bond, Amersham). GalK, L25, S10, S33 and histone H4 gene-specific probes were labelled according to the procedure of Hu and Messing [23] . We used an EcoRI-generated fragment from YCpR6 {GalK; Ref. 18 ), a (TaqI+BglII)-generated fragment of pBMCY113 (S10; Ref. 6 ), a (HindIII+PvuII)-generated fragment of pBMCY76-3 (S33; Ref. 25) , and an (EcoRI+Sau3AI)-generated fragment of H4-M13 mp8 [26] . Determination of rp-mRNA decay rates Cells were grown to an ODggQ ^ of 0.45. Prior to the temperature shift 1,10-phenantroline was added to the culture (250 Hg/ml) [27] and incubation was carried out for 4 min. Subsequently the heat shock was applied and samples were taken and analyzed for their (rp-) mRNA content as described above. Control experiments were performed by shifting the growth temperature without adding phenantroline as well as by phenantroline treatment at a constant temperature of 23° and 36°C, respectively.
RESULTS
Effect of a 23° -» 36°C temperature shift on rp-mRNA levels To assess the effect of a temperature shift on rp-mRNA levels, the temperature of yeast cells growing in mid-log phase was raised from 23° to 36°C. Subsequently the steady state concentration of some rp-mRNAs was estimated by Northern hybridization using gene-specific probes (see Materials and Methods). The results of a typical experiment are shown in Fig.l . In addition, a graphical representation averaging the data from a number of similar experiments is shown. In agreement with previous findings [7] rp-mRNA levels display a coordinate, severe decline after the temperature shift, reaching a level of about 10-15% of the untreated control cells after 10 min. Subsequently a recovery is manifest The pattern of the histone H4 mRNA levels analyzed as a control clearly differs from that obtained 
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• -S33 Fig. 1 Effect of a mild temperature upshift on cellular levels of rp-mRNAs. RNA was isolated from yeast cells grown at 23°C (0) as well as 10, 20, 30 and 60 min after shifting the temperature to 36°C. Northern hybridization using gene-specific probes was performed as described in Materials and Methods. The autoradiograms shown represent the results of typical experiments. Since it is difficult to estimate the amounts of RNA loaded on the gel precisely, these Northern analyses were repeated several times. In the graphical representation average mRNA levels, quantified by scanning and estimated relative to the 23°-situation (0 = 100%), were plotted against the incubation time.
for the rp-mRNAs and exhibits its lowest value after 30 min (Fig. 1) . This behaviour is similar to that of other non-ribosomal mRNAs whose levels, although showing a redaction upon heat shock [12, 28] , do not decline as dramatically as those of the rp-mRNAs (see Discussion). The severe decline in the rp-mRNA concentration observed upon heat treatment occurs at a rate which is not commensurate with the known half-lifes of rp-mRNAs in yeast [e.g. 29] . Thus, it seems unlikely that transcriptional arrest is the exclusive cause of this decline. Probably the turn-over rates of the rp-mRNAs increase as a result of the temperature shift Therefore, we 
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P«t I E) Fig.2 Gene constructs used to analyze the temperature upshift effect. The upper panel (A and B) shows constructed fusion genes composed of the L25-upstream region and the GalK marker gene (cloned in the vector YCpR6A12H). In A the complete L25-upstream region is present including the conserved sequence elements RPG1 and RPG2) a T-rich region (Py-stretch) and the major transcription initiation site (iT:o) of the L25-gene [24] . The ATG originates from the GalK-gcne (fusion in the leader). The constructs were made using an M13-cloning step; M13-DNA is indicated by WV. In B a deletion mutant is delineated, belonging to a series of Bal31-mutants described previously [11] . The lower panel (C-E) shows fusion constructs composed of the cycl -upstream region and the GalK marker gene (cloned in vector YCpRl-1). In C the entire cyc7-upstream region is present including the Xhol-Xhol fragment carrying the upstream activation sites UAS1 and UAS2 [30] . iT indicates the heterogeneous transcription start site of the eye/-gene. In this construct the ATG is derived from the cycl -gene (in-frame fusion). In D the Xhol-Xhol fragment has been replaced by the Pstl-Nsil generated fragment carrying the upstream sequences of the L25-gene (cf.A). In E, a similar deletion mutant, a synthetic oligonucleotide bearing the RPG-consensus sequence has been inserted in the Xhol-site.
decided to ascertain to what extent these two processes contribute to the rp-characteristic temperature shock phenomenon.
Upstream DNA is not involved in the heat shock effect In order to examine the possible specific involvement of upstream DNA sequences, in particular the UAS^, in the temperature upshift response, we constructed several fusion genes. The structure of these hybrid genes is depicted schematically in Fig.2 . Construct B is a 
Ttamftaihock(min.)
O-B Fig.3 Effect of a 23° -» 36°C temperature shock on hybrid transcript levels. Northern analysis of transcripts from fusion genes B, D and E ((/. Fig.2 ) was performed using gene-specific probes in the same way as described in the legend to Fig. 1 . Again, average values for transcript levels were obtained by densitometric scanning of several autoradiograms.
fusion of the E.coli GalK coding sequence to the upstream region of the L25 rp-gene up to and including the tandem UAS^-elements identified previously [11, cf. Fig.2B ]. Construct D consists of a cycl-galK fusion [19] in which the UAS j (located on a Xhol-Xhol fragment) was replaced by an L25 upstream region (a Pstl-Nsil fragment) containing both UASjpg -elements. Finally, construct E is similar to construct D except that the Xhol-Xhol fragment has been replaced by a synthetic UAS__-elemenL
The Northern analyses presented in Fig.3 show that the level of the transcripts from fusion gene B decreases in parallel with the rp-mRNA levels upon a 23° -+ 36°C heat shock. In contrast, despite the presence of the L25 UAS elements in fusion gene D, the corresponding Fip.4 Effect of a 23° -> 30° temperature shift on rp-mRNA levels. Graphical representation of the results obtained by Northern analyses of rp-mRNAs and hybrid transcripts after a 23° -» 30°C temperature upshift cycl-GalK hybrid transcript level is not affected in the rp-characteristic manner (Fig.3) . This result indicates that the UASj-g-elements are unlikely to mediate the transient rp-characteristic temperature shift effect Further proof that the UAS does not confer the heat shock response, came from analysis of fusion gene E. As can be concluded from the result of the Northern hybridization shown in Fig.3 , in this case the level of the cycl-GalK mRNA is not affected by the temperature shift in an rp-mRNA specific manner either. The slower recovery of transcription of fusion gene E, as compared to fusion gene D, after heat shock (Fig. 3) could be due to the difference in the number of UAS -elements preceding these genes (one in front of fusion gene E, two in front of D).
Effect of a 23° -> 30°C temperature shift on rp-mRNA levels
In all organisms studied so far a heat shock response is induced by raising the temperature a few degrees beyond the normal growth temperature (reviewed in Ref. 16 ). To ascertain whether the activity of some heat shock factor could account for the observed rp-characteristic temperature shift effect in yeast, we decided to confine the shift to a transfer from 23° to 30°C,the normal growth temperature for this organism. In this way we hoped to be able to discriminate between a 'real' heat shock phenomenon and any additional thermal adaptation mechanisms.
As can be judged from Fig.4 , a temperature upshift from 23° to 30°C does not result in the rapid and severe decline in the cellular amounts of rp-mRNAs characteristic of a 23°-»36*C shift. Instead the rp-mRNA levels are reduced by only about a factor 2 after 10 min. On the other hand, the extent of the reduction in the cellular level of the fusion transcript D observed after this moderate upshift is very similar to that obtained after a 23°->36°C transfer. We propose, therefore, that the 50% reduction in mRNA levels observed shortly after a 23°-»30°C upshift is due to a brief general inhibition of the expression of these non-heat shock genes, probably at the level of transcription. On the other hand, the additional rp-characteristic response upon a 23°-»36°C shift might reflect the specific involvement of a heat shock factor. Heat shock dramatically changes the tum-over of rp-mRNAs As mentioned above, the rapid and severe drop in rp-mRNA levels observed immediately after a 23°-»36°C shift conceivably is the result of enhanced degradation of pre-existing mRNAs. Therefore, we determined the half-life of several rp-mRNAs both in cells grown at a constant temperature of 23° or 36°C as well as in cells shifted from 23° to 36°C. In the first case transcription was blocked by adding 1,10-phenantroline to the yeast culture [27] , in a concentration of 250 (ig/ml. This concentration of the drug was chosen on the basis of pilot studies of its effect on both transcription and translation (results not shown). We reasoned that addition of the drug should affect translation as little as possible, as inhibition of this process might interfere with mRNA stability. At a phenantroline concentration of 250 |xg/ml transcription drops to less than 10% within 4 min.whereas translation continues at a level of about 50% of control cells. The half-lifes of L25 and S10 mRNAs were estimated at 10 and 8.5 min, respectively, at a growth temperature of 23°C, whereas at 36°C the half-lifes of both mRNAs were found to be about 7 min (Fig. 5A) . Apparently, within the range investigated temperature per se has no dramatic effect on the turn-over rate of the rp-mRNAs. The experiment shown in Fig. 5B demonstrates that after addition of phenantroline to a yeast culture shortly before a shift from 23° to 36°C, the L25 and S10 mRNA levels again decrease at a rate commensurate with a half-life of approximately 7 min. If, however, the half-lifes are determined over the period from 2.5 to 12.5 min after the shift without prior addition of the drug, a value of about 2.5 min is obtained for the t^ of both rp-mRNAs (Fig. 5C ). This assumes the rate of transcription to have dropped below 10% of the value before the shift A less severe transcriptional arrest would result in an even lower half-life value. These results support our suggestion that the rapid and severe decline in rp-mRNA levels observed immediately after a 23° -> 36°C heat shock is caused by a combination of a general arrest of transcription (of non-heat shock genes) and an rp-specific increase in mRNA turn-over. The presence of phenantroline, which blocks transcription of both heat-shock (P. Vreken, T.T.A.L. El-Baradi and H.A. Rau6, unpublished experiments) and non-heat shock genes abolishes the severe decrease in rp-mRNA half-lifes by a 23° -> 36°C shift Thus, it is likely that synthesis of some heat shock factor is required for the rp-mRNA-specific destabilization by such a shift The time needed to express this activity is probably reflected in the short lag (-2.5 min.) in the decay curve observed in Fig.5C .
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DISCUSSION
Yeast cells respond to an increase in the growth temperature with a marked change in gene expression [31] . Heat shock induces the synthesis of a number of proteins, called HSPs [32] [33] [34] . Expression of some additional, constitutive genes such as the PGK-gene [35] is also stimulated. On the other hand, a repression of the synthesis of numerous other yeast proteins is evident [34] . Some proteins, notably the ribosomal ones, display a dramatic drop in their synthesis. It has been established that the reduced protein synthesis rates in yeast arc not due to translational regulation as for instance has been reported for Drosophila [31, 36] . Direct assay of rp-mRNAs has previously led to the assumption that a brief specific transcriptional arrest could account for the transiently reduced rp-gene expression [7] . Since transcription of yeast rp-genes is under control of common UASj-g-elements, it was reasonable to suppose that the coordinate decline upon a heat shock was mediated through these common elements. An examination of the behaviour of rp-genes deprived of the UAS [ 12] , or lacking all upstream sequences except for the UASjp- [13] , however, showed the characteristic heat shock response to be maintained in both cases. On the basis of assays of the transcript levels of a reporter gene put under control of the UAS^., we are now able to conclude definitely that the heat shock response of rp-gene expression does not depend on the presence of the UAS^-. Neither construct D, carrying the two UAS^-elcments of rp-gene L25, nor construct E, containing a synthetic UAS-g-element, exhibit the typical rp-gene heat shock response upon raising the temperature of the culture from 23°C to 36°G They do display a transient decline in mRNA levels which, however, is much less severe than observed for the rp-mRNAs. A similar response is seen for histone H4 mRNA (Fig.l) , as well as for other non-ribosomal mRNAs [12, 28] . Our results demonstrate that even upon a shift from 23°C to 30°C, the normal growth temperatur of yeast cells, a transient reduction occurs in the levels of both ribosomal (L25, SIO) and non-ribosomal (fusion transcript D) mRNAs. Whereas the kinetics of decay of the latter, however, are independent of the extent of the shift, the rp-mRNAs disappear at a much faster rate when the temperature is raised to 36°C than after the more moderate shift These observations indicate that thermal stress results in a brief general transcriptional arrest of non-heat shock genes causing mRNA levels to decline at rates determined by the half-life of each individual mRNA. In the case of the non-ribosomal mRNAs half-lifes do not appear to change significandy upon heat shock. For the rp-mRNAs, however, our estimates of the decay rate of rp-mRNAs under various conditions provides evidence for the fact that a 23° -» 36°C heat shock enhances the rate of degradation of pre-existing rp-mRNAs by about a factor three to four, thus accounting for the severe drop in rp-mRNA levels. Clearly this effect is a temporary one since the t^ of rp-mRNAs in cells grown at a constant temperature of 36°C was found to be only slightly lower than that in cells grown at 23°C (Fig. 5A) .
Experiments using the drug phenantroline indicate that transcription of a heat shock gene is a prerequisite for the rp-mRNA-specific heat shock response. This conclusion is supported by the results obtained with a tt-rnutant of RNA polymerase B [28] . Subjecting this mutant to a 24° -> 36°C temperature shift causes the level of rp51 mRNA to decrease at a rate in agreement with its presumed (i.e. normal) half-life. The inactivation of RNA polymerase B by this treatment, thus, appears to preclude the enhanced decay of this and other rp-mRNAs observed in the heat shocked wild type parent Therefore, we propose that heat shock in yeast leads to the synthesis of a factor which specifically enhances the degradation of rp-mRNAs either direcly or indirectly.
It is notable that fusion transcript B (Fig.3) containing only 10-14 nucleotides of the L25-leader sequence at its very 5'-end [24] , displays a temperature shift response identical to that of rp-mRNAs. It is tempting to suggest, therefore, that the 5'-ends of rp-mRNAs may be the actual target site for the degradation induced by heat shock. Sequence comparisons of yeast rp-mRNA leaders did not reveal notable homologies that clearly distinguish them from other yeast mRNAs [37] . Although many yeast rp-mRNAs terminate in a AA-cap structure [37] it has recently been demonstrated that the cap structure does not determine the stability of yeast mRNAs during a temperature shock [38] . Elucidation of the (common) structural elements for the heat shock-induced breakdown, thus, will require further studies.
